Charge and Spin Transport in Magnetic Tunnel Junctions: Microscopic
  Theory by Miura, Daisuke & Sakuma, Akimasa
ar
X
iv
:1
11
1.
42
95
v2
  [
co
nd
-m
at.
me
s-h
all
]  
8 J
un
 20
12
Journal of the Physical Society of Japan FULL PAPERS
Charge and Spin Transport in Magnetic Tunnel Junctions: Microscopic
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We study the charge and spin currents passing through a magnetic tunnel junction (MTJ) on
the basis of a tight-binding model. The currents are evaluated perturbatively with respect to
the tunnel Hamiltonian. The charge current has the form A[M1(t)× ˙M1(t)] ·M2+B ˙M1(t) ·M2,
where M1(t) and M2 denote the directions of the magnetization in the free layer and fixed
layer, respectively. The constant A vanishes when one or both layers are insulators, while the
constant B disappears when both layers are insulators or the same ferromagnets. The first term
in the expression for charge current represents dissipation driven by the effective electric field
induced by the dynamic magnetization. In addition, from an investigation of the spin current,
we obtain the microscopic expression for the enhanced Gilbert damping constant ∆α. We
show that ∆α is proportional to the tunnel conductance and depends on the bias voltage.
KEYWORDS: spintronics, magnetic tunnel junction, spin current, spin dynamics
1. Introduction
Magnetic tunnel junctions (MTJs), which consist of a thin tunnel barrier sandwiched be-
tween two ferromagnetic layers,1–5 are promising for their use in magnetic random access
memory (MRAM).6 However, the primary disadvantage of conventional MRAM designs,
which employ a current-induced field to write data, is that the writing current increases
with the device density. Thus, there has been considerable interest in exploiting spin-transfer
torque (STT)7, 8 instead.9–13 In such an STT MRAM device, the critical current is proportional
to the product of the volume and the Gilbert damping constant α of the free layer, making
low α an important criterion for electrode materials.
To this end, several studies have explored the dynamics and the distribution of the magne-
tizations in STT MRAM by using the Landau–Lifshitz–Gilbert (LLG) equation with an STT
term.14–18 However, other torques (spin torques) also act on the dynamic magnetization in the
∗E-mail address: dmiura@solid.apph.tohoku.ac.jp
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free layer, which form in reaction to the outward flow of spins from the layer: Mizukami et al.
experimentally showed that α increases with the thickness of the nonmagnetic metal (NM)
layer in NM/Py/NM films, and that this enhancement continues up to thicknesses of several
hundred nanometers.19 Their experiment supports the importance of spin torques in the mag-
netization dynamics of mesoscopic devices such as STT MRAMs. Further, this experimental
finding was supported immediately by Tserkovnyak et al.’s20, 21 theory of spin pumping based
on scattering theory, with additional theoretical confirmation by Umetsu et al. on the basis of
the Kubo formula.22, 23
Several studies have also investigated charge transport in the presence of magnetization
dynamics in magnetic multilayers. It is known that dynamic magnetizations induce an effec-
tive electromagnetic field.24, 25 Ohe et al. simulated the effective electric field induced by the
motion of the magnetic vortex core in a magnetic disk,26 and the field was observed experi-
mentally.27 Furthermore, Zhang et al. phenomenologically derived the LLG equation having
the STT term induced by this effective electric field.28 And Moriyama et al. observed the dc
voltage across generated by the precession of the magnetization in an Al/AlOx/Ni80Fe20/Cu
tunnel junction.29 The origins of this voltage have been discussed from a theoretical stand-
point (scattering theory).30–32 In addition, charge and spin currents in ferromagnets with mag-
netizations that slowly vary in space and time have been studied microscopically.33–35 These
studies employed the s-d model in continuous space and treated the perturbation within the
framework of the Keldysh–Green function.36, 37
Similarly, our aim is to describe the charge and spin transport in MTJs in the presence of a
voltage across the barrier and the dynamical magnetization in the free layer. This situation just
corresponds to an STT MRAM cell during the writing stage. In this paper, we microscopically
describe the charge and spin currents passing through an MTJ. However, in contrast with
previous works that relied on models in continuous space, we calculate the currents on the
basis of a tight-binding scheme. This makes it easier to account for the properties of materials
and the space dependence of the magnetization in magnetic multilayers, such as MTJs, with
strongly inhomogeneous magnetic structures. In the calculations, we consider the voltage and
the dynamics of the magnetization in Berry’s adiabatic approximation under the assumption
that the effective exchange field is larger than the voltage and dynamics. Our model shows that
the charge current induced by the dynamical magnetization has the form A[ML(t) × ˙ML(t)] ·
MR + B ˙ML(t) · MR, where ML(t) and MR denote the directions of the magnetization in the
free layer and fixed layer, respectively. The first term tends to the form given by Tserkovnyak
et al.,31 which expressed the dc current due to the precession of ML(t) about MR as a special
2/13
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Fig. 1. Schematic of one-dimensional magnetic tunnel junction. TLR is the tunneling amplitude and ti j repre-
sents the hopping matrix between sites i and j located at either side of the interface. ML(t) and MR denote the
directions of the effective exchange fields for the left (L) and right (R) hand side layer, respectively.
case; in this sense, our result is a generalization of their work. Furthermore, from the results
concerning spin transport, we successfully derive the enhanced Gilbert damping and propose
a microscopic expression for it.
2. Model and Formalism
2.1 Model Hamiltonian
We consider the motion of electrons in an effective exchange field. Furthermore, assume
that the ferromagnetic layer on the left-hand side (LHS) of the MTJ is the free layer; that
is, the direction of the field at time t in this layer, ML(t), rotates time-dependently (see Fig.
1). Thus, the direction of the field on the right-hand side (RHS) (fixed layer), MR, is time-
independent. Note that we ignore the inner structure of the tunnel barrier and account for
its properties via the simple tunnel amplitude TLR between sites L and R, which denote the
surfaces on the LHS and RHS, respectively. In this model, the total Hamiltonian for the MTJ
is the sum of the one dimensional tight-binding Hamiltonians in the ferromagnetic layers,
HL(t) :=
∑
i, j∈LHS
c†i
[
−ti j ˆ1 − δi j JL ML(t) · σˆ
]
c j, (1)
HR :=
∑
i, j∈RHS
c†i
[
−ti j ˆ1 − δi jJR MR · σˆ
]
c j, (2)
and the tunnel Hamiltonian,
HT := −TLRc†LcR + H.c., (3)
3/13
J. Phys. Soc. Jpn. FULL PAPERS
where c†iσ(ciσ) is an operator that creates (annihilates) the σ spin electron at site i, and ti j is
the hopping integral between sites i and j. The constant JL(JR) represents the strength of the
interaction between the spin of an electron and the effective exchange field on the LHS (RHS)
layer; and σˆ is the Pauli matrix, where hat ‘ˆ’ denotes a 2 × 2 matrix in spin-space.
2.2 Adiabatic approximation
Assuming JL ≫ ~|dML(t)/dt|, we adopt Berry’s adiabatic approximation38 for HL(t):
ci(t) ≃ ˆUL(t)eiγ(t)σˆz di for i ∈ LHS, (4)
HL(t) →HadL :=
∑
i, j∈LHS
d†i
[
−ti j ˆ1 − δi j JLσˆz
]
d j, (5)
where ci(t) is in the Heisenberg representation with respect toHL(t), ˆUL(t) is a rotation matrix
satisfying the equation ˆU†L(t)ML(t) · σˆ ˆUL(t) = σˆz, and γ(t) is Berry’s phase defined by
γ(t) := i
∫
dt
[
ˆU†L(t)
d ˆUL(t)
dt
]
↑↑
. (6)
With the approximation (4), we replace HT with
HadT (t) := −TLRd†Le−iγ(t)σˆ
z
ˆU†L(t) ˆURdR + H.c., (7)
where ˆUR is a rotation matrix satisfying the equation ˆU†R MR · σˆ ˆUR = σˆz, and di :=
ˆU†Rci for i ∈ RHS. Finally, our total Hamiltonian is H(t) := HadL + HR + HadT (t), where
HR =
∑
i, j∈RHS d†i
[
−ti j ˆ1 − δi jJRσˆz
]
d j. Thus, a nonequilibrium statistical average of the form〈
diσ(t)d†i′σ′(t′)
〉
can be derived perturbatively with respect to HadT (t) using the Keldysh–Green
function technique.
2.3 Charge and spin currents
The charge current Ie(t) and spin current Is(t) passing through the MTJ are defined by
Ie(t) := 2ℜ i
~
TRL
〈
d†R(t) ˆU†R ˆUL(t)eiγ(t)σˆ
z dL(t)
〉
[1/s], (8)
Is(t) := 2ℜ i
~
TRL
〈
d†R(t) ˆU†Rσˆ ˆUL(t)eiγ(t)σˆ
z dL(t)
〉
[1/s], (9)
where 〈· · ·〉 denotes a statistical average in H(t).36, 37
By introducing the lesser function,
[
ˆG<LR(t, t′)
]
σσ′
:=
i
~
〈[
d†R(t′) ˆU†R
]
σ′
[
ˆUL(t)eiγ(t)σˆz dL(t)
]
σ
〉
,
eqs. (8) and (9) can be written in the form
Ie(t) = 2ℜTRL tr ˆG<LR(t, t), (10)
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Is(t) = 2ℜTRL tr σˆ ˆG<LR(t, t). (11)
In the first order in HadT (t), we have
ˆG<LR(t, t) ≃ −TLR
∫
dt′ ˆUL(t)eiγ(t)σˆz gˆL(t − t′)e−iγ(t)σˆz ˆU†L(t) ˆA(t, t′) ˆURgˆR(t′ − t) ˆU†R
∣∣∣∣∣
<
, (12)
where < denotes the lesser component of Keldysh–Green functions,36, 37 and
ˆA(t, t′) := ˆUL(t)eiγ(t)σˆz e−iγ(t′)σˆz ˆU†L(t′). (13)
Moreover, we introduce the unperturbed Keldysh–Green functions defined by
[
gˆL(t)]σσ′ := − i
~
〈
TdLσ(t)d†Lσ′
〉
0
= −
i
~
〈
TdLσ(t)d†Lσ
〉
0
δσσ′ , (14)
[
gˆR(t)]σσ′ := − i
~
〈
TdRσ(t)d†Rσ′
〉
0
= −
i
~
〈
TdRσ(t)d†Rσ
〉
0
δσσ′ , (15)
where T is the time-ordering operator on the Keldysh contour, and 〈· · ·〉0 denotes an equilib-
rium statistical average in HadL +HR. Since gˆL(t) is the diagonal matrix in spin-space, gˆL(t)
and Berry’s phase factors commute. Thus, ˆG<LR(t, t) reduces to
ˆG<LR(t, t) = −TLR
∫ dE
2pi~
∫ dE′
2pi~
e−iE
′t/~
ˆU†L(t)gˆL(E) ˆUL(t) ˆA(t, E′) ˆU†RgˆR(E − E′) ˆUR
∣∣∣∣∣
<
, (16)
where we employ the Fourier transform of a function f (t) with respect to t, defined by the
relation
f (E) :=
∫
dteiEt/~ f (t). (17)
E′ in eq. (16) represents the energy that an electron obtains from the dynamics of the magne-
tization; we consider it in the first order:
ˆG<LR(t, t) ≃ −TLR
∫ dE
2pi~
ˆU†L(t)gˆL(E) ˆUL(t) ˆU†RgˆR(E) ˆUR
∣∣∣∣∣
<
−TLR
∫ dE
2pi~
ˆU†L(t)gˆL(E) ˆUL(t)
~
i
d ˆA(t, t′)
dt′
∣∣∣∣∣∣
t′=t
ˆU†R
dgˆR(E)
dE
ˆUR
∣∣∣∣∣
<
. (18)
Then, using the relations
~
i
d ˆA(t, t′)
dt′
∣∣∣∣∣
t′=t
=
~
2
σˆ · ML(t) × dML(t)dt , (19)
ˆU†L(t)gˆL(E) ˆUL(t) = ˆ1g¯L(E) + σˆ · ML(t)∆gL(E), (20)
ˆU†RgˆR(E) ˆUR = ˆ1g¯R(E) + σˆ · MR∆gR(E), (21)
where
g¯L(R)(E) := 12 tr gˆL(R)(E) =
[
gˆL(R)(E)]↑↑ + [gˆL(R)(E)]↓↓
2
, (22)
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∆gL(R)(E) := 12 tr σˆ
zgˆL(R)(E) =
[
gˆL(R)(E)]↑↑ − [gˆL(R)(E)]↓↓
2
, (23)
we can decompose ˆG<LR(t, t) into two terms:
ˆG<LR(t, t) = ˆ1G<LR(t, t) + σˆ · G<LR(t, t). (24)
Here we define
G<LR(t, t) := −TLR
∫ dE
2pi~
[
g¯L(E)g¯R(E) + ML(t) · MR∆gL(E)∆gR(E)
+
~
2
ML(t) × dML(t)dt · MRg¯L(E)
d∆gR(E)
dE − i
~
2
dML(t)
dt · MR∆gL(E)
d∆gR(E)
dE
]<
,
(25)
G<LR(t, t) := −TLR
∫ dE
2pi~
[
ML(t)∆gL(E)g¯R(E) + MRg¯L(E)∆gR(E) + iML(t) × MR∆gL(E)∆gR(E)
+
~
2
ML(t) × dML(t)dt g¯L(E)
dg¯R(E)
dE − i
~
2
dML(t)
dt ∆gL(E)
dg¯R(E)
dE
+ i~
2
{
ML(t) × dML(t)dt
}
× MRg¯L(E)d∆gR(E)dE +
~
2
dML(t)
dt × MR∆gL(E)
d∆gR(E)
dE
]<
.
(26)
Ie(t) and Is(T ) are expressed in terms of G<LR(t, t) and G<LR(t, t) as follows:
Ie(t) = 4ℜTRLG<LR(t, t), (27)
Is(t) = 4ℜTRLG<LR(t, t). (28)
Finally, taking the lesser components, we obtain the following in the low-temperature limit:
Ie(t) = 2pi |TLR|2
{
ρ¯L(µ)∆ρR(µ)ML(t) × dML(t)dt · MR
−
∫ µ
dE
[
∆ρL(E)d∆χR(E)dE −
d∆χL(E)
dE ∆ρR(E)
]
dML(t)
dt · MR
}
, (29)
Is(t) = 4pi |TLR|
2
~
∫ µ
dE[∆ρL(E)∆χR(E) + ∆χL(E)∆ρR(E)]ML(t) × MR
+
4pi |TLR|2
~
{
ρ¯L(µ)ρ¯R(µ)~2 ML(t) ×
dML(t)
dt
−
∫ µ
dE
[
∆ρL(E)dχ¯R(E)dE −
d∆χL(E)
dE ρ¯R(E)
]
~
2
dML(t)
dt
+
∫ µ
dE
[
ρ¯L(E)d∆χR(E)dE −
dχ¯L(E)
dE ∆ρR(E)
]
~
2
[
ML(t) × dML(t)dt
]
× MR
+ ∆ρL(µ)∆ρR(µ)~2
dML(t)
dt × MR
}
, (30)
6/13
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Here µ is the chemical potential of the system. ρ¯L(R)(E) and ∆ρL(R)(E) are the spin-averaged
local density of states (DOS) and the spin polarization of the local DOS, respectively, at the
LHS (RHS) layer surface, defined by
ρ¯L(R)(E) := −1
pi
ℑg¯rL(R)(E), (31)
∆ρL(R)(E) := −1
pi
ℑ∆grL(R)(E), (32)
where gr’s are retarded Green’s functions from the calculations taking the lesser component.
Furthermore, the χ’s are defined as the real parts of the retarded Green’s functions,
χ¯L(R)(E) := 1
pi
ℜg¯rL(R)(E), (33)
∆χL(R)(E) := 1
pi
ℜ∆grL(R)(E). (34)
3. Discussion and Summary
3.1 Charge current
The form A[ML(t) × ˙ML(t)] · MR + B ˙ML(t) · MR of the charge current (eq. (29)) driven
by the magnetization dynamics is consistent with previous works; The first term tends to the
form given by Tserkovnyak et al.31 in the special case where ML(t) precesses around MR,
as discussed in §3.3. And Xiao et al.30 have derived the same form for the charge current
passing through the MTJ on the basis of scattering theory in the continuum space, whereas,
we calculate the current on the basis of the tight-binding model. New insights which we found
out in this study are as follows. If the electronic structure in the two layers of the MTJ is the
same [i.e., ∆ρL(E) = ∆ρR(E) and ∆χL(E) = ∆χR(E)] or both layers are insulators, we have
B = 0. However, if either layer is metallic, finite B should be measured because the real
part of the retarded Green’s function remains finite, which reflects virtual transitions through
forbidden bands. The term [ML(t)× ˙ML(t)]·MR in eq. (29) represents the charge current driven
by the effective electric field (i.e., the spin electric field), as mentioned in §3.3. In other words,
the effective electrochemical potential of the free layer is changed by the dynamics of ML(t),
and the resultant difference in electrochemical potentials between the two layers manifests as
a bias voltage.31 This situation may be realized when a barrier exists between the electrode
and lead, or when the diffusion constant of the free layer is small enough to maintain the
changed effective chemical potential. Otherwise, this charge current will flow back to the
reservoir connected to the free layer without tunneling through the barrier of the MTJ.
7/13
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3.2 Spin current
The term ML(t) × MR in eq. (30) represents the static effective Heisenberg coupling be-
tween ML(t) and MR. That is, the equation of motion for ML(t) described by this spin current
corresponds to the equation dML(t)dt =
Jeff
~|SL(t)| ML(t) × MR [SL(t) is defined by eq. (42)]. This
affords a Heisenberg coupling energy of −Jeff ML(t) · MR, where
Jeff := −4pi|TLR|2
∫ µ
dE [∆ρL(E)∆χR(E) + ∆χL(E)∆ρR(E)] (35)
=
1
pi
∫ µ
dEℑGr↑LR(E)∆R(E)Gr↓RL(E)∆L(E), (36)
Grσi j (E) := griσ(E)Ti jgrjσ(E), (37)
∆i(E) := gri↑(E)−1 − gri↓(E)−1. (38)
∆i(E) describes the exchange splitting at site i, and this result agrees with the expression
presented by Liechtenstein et al.39
Let us consider the term ML × dML(t)dt in eq. (30):
2pi|TLR|2ρ¯L(µ)ρ¯R(µ)ML(t) × dML(t)dt =
~
2e2
¯ΓML(t) × dML(t)dt , (39)
where e > 0 is the elementary charge and ¯Γ is the tunnel conductance of the MTJ,
¯Γ :=
4pi|TLR|2e2
~
ρ¯L(µ)ρ¯R(µ). (40)
This term describes the spin pumping in the MTJ and affords the following microscopic
expression for the enhanced Gilbert damping constant:
∆α =
~
2e2
¯Γ
|SL(t)| , (41)
where SL(t) is the total spin polarization of the electrons in the LHS layer,
SL(t) := 2
∑
i∈LHS
∫ µ
dE∆ρi(E)ML(t). (42)
Equation (41) agrees with the corrected Gilbert damping constant derived by Zhang et al.28
phenomenologically after considering the effect of the spin electric field induced by the dy-
namic magnetization. In addition, in the present formulation, from the fact that ∆α vanishes
if one ignores Berry’s phase (6),40 it follows that one of the origins of spin pumping is the
spin electric field. As a consequence of this, ∆α is proportional to the conductance ¯Γ.
The size dependence of ∆α can be described as follows:
∆α ∝
1
λ
, (43)
where λ is thickness of the free layer, because |SL(t)| is roughly proportional to the volume of
8/13
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the free layer, and ¯Γ to the cross-sectional area of the barrier.
3.3 Analysis of effective field
For a more transparent physical interpretation of the currents, we rewrite eqs. (29) and
(30) as follows:
−eIe(t) =
∑
σ=±1
[
ΓRσε
1
σ(t) + γLσε2σ(t)
]
· MR, (44)
−eIs(t) =
[
eJeff
~
ML(t) − ∆Γ ~2e
dML(t)
dt
]
× MR
+
∑
σ=±1
σ
{
ΓRσε
1
σ(t) +
[
γLσε
2
σ(t) · MR
]
ML(t) −
[
γRσ + ML(t) · MRγLσ
]
ε
2
σ(t)
}
, (45)
where the “conductances” are defined by
ΓRσ :=
2pi|TLR|2e2ρ¯L(µ)ρRσ(µ)
~
, (46)
∆Γ :=
4pi|TLR|2e2∆ρL(µ)∆ρR(µ)
~
, (47)
γLσ := −
2pi|TLR|2e2
~
∫ µ
dE
[
ρLσ(E)d∆χR(E)dE −
dχLσ(E)
dE ∆ρR(E)
]
, (48)
γRσ := −
2pi|TLR|2e2
~
∫ µ
dE
[
ρRσ(E)d∆χL(E)dE −
dχRσ(E)
dE ∆ρL(E)
]
, (49)
and the effective driving fields can be defined by
ε
1
σ(t) := −
σ~
2e
ML(t) × dML(t)dt , (50)
ε
2
σ(t) := −
σ~
2e
dML(t)
dt . (51)
The conductances represented by a capital letter denote the “Fermi surface terms,” whereas
those represented by a small letter denote the “Fermi sea terms.” The spin-dependent effective
voltage ε1σ(t) · MR in eq. (44) just corresponds to the spin electric field between the layers.
To compare the expressions obtained in continuous space and in discrete space, let us define
the correspondences M(r, t) := ML(t) and M(r + ∆r, t) := MR, where ∆r denotes the barrier
thickness. Then we find ε1σ(t) ·MR ≃ ∆ri
(
−σ~2e
)
∂M(r,t)
∂t ×
∂M(r,t)
∂xi
·M(r, t), which is well-known as
the spin electric field. When ML(t) steadily precess about the direction of MR with a constant
cone angle θ and a constant frequency ω, the voltage is time-independent:
ε
1
σ(t) · MR = −σ
~ω
2e
sin2 θ, (52)
This affords an estimate ~ω/2e ∼ 20 µV at 10 GHz. The Fermi sea term in eq. (44) vanishes
in this case. This result is in good agreement with that of Xiao et al.30 and Tserkovnyak et
9/13
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al.31 Note that in general the Fermi sea term is certainly the ac current.
Next, let us consider the spin current (45). The terms including ΓRσε1σ(t) +
[
γLσε
2
σ(t) ·
MR
]
ML(t) describe the spin transport due to the spin σ component of the charge current.
By considering ε2σ(t) as a driving force, we can interpret the term
[
γRσ + ML(t) · MRγLσ
]
ε
2
σ(t)
as the “tunneling magnetoresistance (TMR) effect” in spin transport.
3.4 Effects of bias voltage
Finally, we consider the charge and spin transport in the presence of a bias voltage V(t)
across the MTJ. In Berry’s adiabatic approximation under the assumption JL ≫ e|V(t)|, the
effects of V(t) can be included by replacing eq. (4) with
ci(t) ≃ e− ie~
∫
dtV(t)
ˆUL(t)eiγ(t)σˆz di for i ∈ LHS. (53)
In the first order in dV(t)dt , the effective exchange constant and conductances differ as follows:
Jeff → Jeff + (γL↑ − γL↓ )
~
e
V(t) + ∆Γ~
2
2e
d
dµ ln
[
∆ρL(µ)
∆ρR(µ)
]
dV(t)
dt , (54)
ΓRσ → Γ
R
σ
1 −
d
dµ ln
[
ρ¯L(µ)
ρRσ(µ)
]
eV(t) −
∫ µ
dE
ρ¯L(E)d
3χRσ(E)
dE3 −
d3χ¯L(E)
dE3 ρRσ(E)
ρ¯L(µ)ρRσ(µ)
e~
2
dV(t)
dt
 , (55)
∆Γ→ ∆Γ
1 −
d
dµ ln
[
∆ρL(µ)
∆ρR(µ)
]
eV(t) −
∫ µ
dE
∆ρL(E)d
3∆χR(E)
dE3 −
d3∆χL(E)
dE3 ∆ρR(E)
∆ρL(µ)∆ρR(µ)
e~
2
dV(t)
dt ,

(56)
γLσ → γ
L
σ −
2pi|TLR|2e2
~
∫ µ
dE
[
ρLσ(E)d
2∆χR(E)
dE2 +
d2χLσ(E)
dE2 ∆ρR(E)
]
eV(t)
+
2pi|TLR|2e2
~
[
dρLσ(µ)
dµ
d∆ρR(µ)
dµ −
d2ρLσ(µ)
dµ2 ∆ρR(µ) − ρLσ(µ)
d2∆ρR(µ)
dµ2
]
e~
2
dV(t)
dt , (57)
γRσ → γ
R
σ −
2pi|TLR|2e2
~
∫ µ
dE
[
ρRσ(E)d
2∆χL(E)
dE2 +
d2χRσ(E)
dE2 ∆ρL(E)
]
eV(t)
+
2pi|TLR|2e2
~
[
dρRσ(µ)
dµ
d∆ρL(µ)
dµ −
d2ρRσ(µ)
dµ2 ∆ρL(µ) − ρRσ(µ)
d2∆ρL(µ)
dµ2
]
e~
2
dV(t)
dt . (58)
In addition, a term describing the TMR effect,
1
e
[
¯Γ + ∆ΓML(t) · MR
]
V(t) + 1
−e
[
γ¯ + ∆γML(t) · MR] ~2
dV(t)
dt (59)
appears in the charge current, where
γ¯ :=
4pi|TLR|2e2
~
∫ µ
dE
[
ρ¯L(E)d
2χ¯R(E)
dE2 +
d2χ¯L(E)
dE2 ρ¯R(E)
]
,
∆γ :=
4pi|TLR|2e2
~
∫ µ
dE
[
∆ρL(E)d
2∆χR(E)
dE2 +
d2∆χL(E)
dE2 ∆ρR(E)
]
.
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For the spin current, a term describing the STT effect,
1
e
[
(ΓL↑ − ΓL↓ )V(t) − (γR↑ + γR↓ )
~
2e
dV(t)
dt
]
ML(t) + 1
e
[
(ΓR↑ − ΓR↓ )V(t) + (γL↑ + γL↓ )
~
2e
dV(t)
dt
]
MR
is added, where
ΓLσ :=
2pi|TLR|2e2ρLσ(µ)ρ¯R(µ)
~
. (60)
Then for the Gilbert damping, since ¯Γ = ΓR
↑
+ ΓR
↓
, ∆α changes as follows:
∆α → ∆α
1 − ddµ ln
{
ρ¯L(µ)
ρ¯R(µ)
}
eV(t) −
∫ µ
dE
ρ¯L(E)d
3χ¯R(E)
dE3 −
d3χ¯L(E)
dE3 ρ¯R(E)
ρ¯L(µ)ρ¯R(µ)
e~
2
dV(t)
dt
 . (61)
This result indicates that when writing data to an STT MRAM cell, the damping of the mag-
netization dynamics is influenced by not only the spin pumping but also the bias voltage.
However, the effect of the bias voltage on ∆α vanishes when both electrodes have the same
electronic structure.
In summary, we derived, at the microscopic level, the charge and spin currents passing
through an MTJ in response to arbitrary motion of the magnetization in the free layer. The
charge current consists of both Fermi surface and Fermi sea terms. The Fermi surface term is
driven by the spin electric field and manifests as a dc current for steady precession of ML(t)
in the direction of MR, whereas the Fermi sea term is due to virtual transitions and essen-
tially manifests as the ac current. With regard to spin transport, we focused particularly on
the enhanced Gilbert damping (or the spin pumping effect) and thus obtained the microscopic
expression for the enhanced Gilbert damping constant ∆α = ~2e2
¯Γ
|SL(t)| . Under a bias voltage,
the DOSs of the two layers in the MTJ are shifted. Thus, the bias voltage changes the ef-
fective exchange constant and the conductances, thus producing modulation of ∆α. All the
conductances consist of the tunneling amplitude TLR and the local DOS on the surfaces of
the layers; the real part of a retarded Green’s function can be obtained from the imaginary
part (namely, the local DOS) via the Kramers–Kronig relationship. In this formulation, the
properties of the barrier layer material are considered in the local DOS, which can be easily
obtained by first-principles calculations.
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